The ingestion of excess fluoride in drinking water causes harmful effects such as dental/skeletal fluorosis[@b1]. Now, millions of humans around worldwide are suffering from severe fluoride pollution, which derives mainly from the dissolution of fluoride-rich rocks and interaction at the solid-water interface. Thus, fluoride pollution is a serious regional problem[@b2][@b3]. Recently, inorganic nanoparticles with various morphology i.e. flower-like a-Fe~2~O~3~[@b4][@b5], nest-similar structures of magnesium oxide nanocrystal[@b6][@b7], MgAl-CO~3~ layered double hydroxides[@b8] and charge-dependent ZnS[@b9] etc. have proven to be efficient adsorbents for fluoride or other trace pollutants retention[@b10][@b11][@b12][@b13][@b14][@b15], owing to the formation of inner-sphere complexation and the specific size-dependent properties. In general, nanosized materials exhibit high surface area and abundant active sites, thus, as expected, the nanoparticles could display outstanding fluoride sorption performances[@b16]. However, engineering nanoparticles for fluoride remediation are still far from application, because of the limitation of the following issues[@b17]: (1) nanoparticles always tend to aggregate and greatly weaken the size-dependent sorption efficiencies; (2) difficulty in solid-liquid separation; (3) the ultrafine nanoscale particles are fail to apply in fixed beds or flow through systems, due to excessive pressure drops and flow resistances etc.[@b18][@b19].

To debate the bottleneck of nanoparticle engineering, an alternative technology is the development of hybrid nanomaterials by embedding inorganic nanoparticles onto the porous granulated carriers[@b20][@b21], such as activated carbon[@b22][@b23][@b24], zeolite[@b25], diatomite[@b26], cellulose[@b27], alginate[@b28] and macroporous polymer[@b29][@b30][@b31]. The resulting nanocomposites present excellent handing and better hydraulic conductivity due to their large particle properties and their porous host matrix, which could also render nanoparticles immobilization within the inner surfaces. Therefore, the exploitation of hybrid nanomaterials is an important strategy for nanoparticle engineering, whereas the poor diffusion kinetics resulting from pore blockage during incorporation process, might be a challenge for field application[@b32].

Group IVB phosphate, i.e. Zr/Ti/Hf phosphate is an important catalog of inorganic materials and zirconium phosphate (denoted as ZrP), the most representative one, has been widely studied as solid acid catalyst[@b33], which exhibits excellent chemical stability, extremely insolubility in water, strong acid and organic reagents, fast kinetics and environment- friendly properties. As for its sorption behaviors, in the 1960s, A. Clearfield and G. Alberti research groups have systematically investigated the fabrication of ZrP with various particle sizes, crystallization, morphology and the preferential sorption of K(I)/Na(I)/LI(I)/Ca(II)/Mg(II)/Ba(II) etc[@b34]. Recently, some research groups and our previous study demonstrated the nanostructured ZrP displays favorable sorption towards heavy metals and organic compounds retention[@b35][@b36]. More recently, mesoporous ZrP particles were synthesized for trace fluoride removal in drinking waters[@b37]. Unfortunately, ZrP was also obtained as the white ultrafine powders and couldn\'t be used directly in practice.

Herein, a novel hybrid nanomaterial (ZrP-MPN) was fabricated for fluoride ions retention by anchorage of nano-ZrP onto macroporous polystyrene beads modified with quaternary ammonium groups (-CH~2~N^+^(CH~3~)~3~). As compared to the conventional carriers, macroporous polystyrene beads as an ideal host matrix exhibit dominant superiority, i.e. the positive-charged quaternary ammonium groups binding to the host materials could present electrostatic interaction towards the target fluoride ions, leading to the enhanced sorption diffusion kinetics and fluoride ions enrichment, prior to sequestration by nano-ZrP, such phenomenon is the so-called "Donnan membrane effect"[@b38][@b39]. Recent research also further proved that such polymer encapsulating metal nanoparticles could cause negligible toxic effects on organism in waters[@b40]. Besides, the excellent chemical stability and non-toxic properties of ZrP particles also render us believe that the hybrid nanomaterial ZrP-MPN is a promising adsorbent towards fluoride retention.

Results
=======

Characterization of the hybrid nanomaterials
--------------------------------------------

The simple schematic structure of the resulting sorbent ZrP-MPN was presented in [Figure 1](#f1){ref-type="fig"} and the hybrid nanomaterials were characterized by scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD), thermogravimetric analysis (TGA), and atomic force microscopy (AFM) and nitrogen sorption measurement for pore analysis. As depicted in [Figure 2(a--c)](#f2){ref-type="fig"}, the obtained nanocomposites were spherical beads, then the resulting adsorbent was subjected to cutting into half and the inner surface morphologies were described by SEM analysis. The morphological comparisons of the hybrid materials and its matrix indicated that ZrP particles were successful embedded into the inner surface of ZrP-MPN and blocked some cross-linked pores, the corresponding Zr element scanning by SEM-EDS ([Figure 2f](#f2){ref-type="fig"}) further demonstrated the encapsulated ZrP distributed in a ring-like region. Besides, AFM analysis was also performed to obtain new insight toward the impregnated ZrP particles. As shown in [Figure 2(d, e, d′ e′)](#f2){ref-type="fig"}, the morphology of the inner surface within MPN exhibited outstanding height differences (vertical height \> 1 µm), which indicated the broad macroporous structures, whereas for the hybrid nanomaterial ZrP-MPN, the uniform surface height variations (240--310 nm detected in [Figure 2(d′ e′)](#f2){ref-type="fig"}) suggests the implantation of ZrP nanoparticles blocks some of nanopores. Furthermore, the ZrP amounts of ZrP-MPN (about 24.3% in mass) according to the contents variation before and after loading by ICP analysis also implied the success anchorage of ZrP particles. nitrogen sorption measurement ([Table 1](#t1){ref-type="table"}) for pore structure analysis further revealed similar appearances and the incorporation of ZrP particles resulted in a significant decrease in pore volume and average pore sizes, which might ascribe to the possible pore blocking during incorporation process. However, it is worth to note that a slightly increase in BET surface areas from 17.0 to 22.3 m^2^/g, possibly attributed to the formation of nanosized ZrP particles[@b32][@b41][@b42]. Nanoscale materials usually present larger surface areas and abundant active sites, thus, as expected, the specific areas could offer preferential sorption towards fluoride retention. TEM images ([Figure 2g](#f2){ref-type="fig"}) further proved that the encapsulated ZrP particles were monodispersed nanoparticles with size 20--30 nm. XRD spectrum ([Figure 2i](#f2){ref-type="fig"}) of ZrP-MPN beads illustrated that the embedded ZrP particles were amorphous in nature, note that the mild synthesis conditions might more suitable for amorphous ZrP formation, and in fact, the amorphous ZrP might exhibit more favorable sorption performances than the crystal[@b41]. TGA curves ([Figure S1](#s1){ref-type="supplementary-material"}) indicated the hybrid materials exhibit good thermal stability. It is worthy to note that the observed weight loss (16%) below 400°C mainly ascribed to the evaporation of the external water and further increasing the temperatures reduce significant weight loss for the decomposition of polymeric matrix within ZrP-MPN.

Fluoride retention in batch sorption behaviors
----------------------------------------------

To evaluate the sorption properties towards fluoride ions, batch sorption tests were performed by conventional bottle-points methods. Solution pH is one of the most important parameters, which directly influences the adsorption behaviors of fluoride ions. Herein, the effects of solution pH on fluoride retention were investigated and the results were shown in [Figure 3](#f3){ref-type="fig"}. It was observed that the fluoride uptake onto the resulting material ZrP-MPN was a pH-dependent process and the optimal sorption condition was pHs = 3.0. Further increase or decrease in pH values could bring about the unfavorable fluoride ions removal. In general, the hybrid nanomaterial contains two different sorption sites, i.e. the quaternary ammonium (-CH2N^+^(CH~3~)~3~Cl) binding to the host matrix and the embedded ZrP nanoparticles. The detailed reaction mechanisms were presented in [Figure 4](#f4){ref-type="fig"}[@b37][@b42].

It is shown that fluoride uptake onto quaternary ammonium groups was mainly driven by electrostatic adsorption. Whereas, as for ZrP, low pHs favored protonation of hydroxyl groups covalent zirconium atoms within the nanoparticle interfaces, thus large number of positively charged sites promoted the negative fluoride retentions. Moreover, as observed in pH = 0.6--3.0, excess H^+^ ions addition could result in the formation of neutral HF, which was not conducive to the sorption efficiencies; furthermore, the higher pHs involved in deprotonation of OH~2~^+^ and the ZrP surface becomes negatively charged (Zr-O^−^), thus, the repulsion forces were enhanced, and the removal of fluoride ions drops. Besides, we also examined the Zr elements release at various pH value, the negligible loss of zirconium suggested the well sorption stability onto the nanocomposite ZrP-MPN[@b44][@b45].

It is well known that the common ions such as SO~4~^2−^, NO~3~^−^ and Cl^−^ are ubiquitous in drinking water or wastewaters. Thus, the competitive sorption towards fluoride ions was performed to elucidate the outstanding selectivity onto ZrP-MPN and its matrix MPN was also involved for comparison. As depicted in [Figure 5(a--c)](#f5){ref-type="fig"}, it can be seen that the defluoridation efficiency of both ZrP-MPN and MPN exhibit negative trends due to common anions interference. Whereas, by contrast to the matrix material MPN, the obtained nanomaterial ZrP-MPN still remained outstanding sorption selectivity. Of particular note that the fluoride removal efficiency onto ZrP-MPN was slightly influenced by the added competing anions even at 30 times higher than the target fluoride ions, whereas that onto MPN, the serious competition results in dramatically sorption suppression and the removal efficiencies even approach near to zero. Such distinguished performances might mainly attribute to the different sorption sites and interaction mechanism towards fluoride uptake. As above discussed, the quaternary ammonium groups (-CH~2~N^+^(CH~3~)~3~Cl) within the matrix exhibit nonspecific sorption through electrostatic interaction, thus the high contents of common anions might lead to serious sorption competition and ignorable removal rates obtained. Whereas, in view of the nanocomposite ZrP-MPN, the encapsulated ZrP nanoparticles could exhibit strongly metal-ligand complexation with fluoride ions in aqueous and increase the sorption selectivity. Moreover, as compared to the commercial adsorbents for defluoridation[@b12][@b43][@b46] (i.e. activated aluminum (AA), magnetite, granular ferric hydroxides (GFH), and manganese sands), ZrP-MPN also showed preferential sorption ability and all the satisfactory performances further prove that the nanocomposite ZrP-MPN is a potential nanoscale sorbent for defluoridation.

Sorption kinetics
-----------------

In general, relating to hybrid nanomaterials fabrication, the nanosized ZrP entrapment might result in pore blocking, which could bring out the inaccessibility for fluoride removal due to the poor kinetic diffusion. In this section, sorption kinetics experiments were examined and the results were presented in [Figure 6](#f6){ref-type="fig"}. Observably, it could be detected that fluoride uptake onto both ZrP-MPN and MPN showed rapid sorption processes and the equilibriums were achieved within 30 min. The fast sorption kinetics of ZrP-MPN suggests the serious pore clogging (detected in Nitrogen sorption measurements) in encapsulation process didn\'t cause significant inhibition toward sorption diffusion of fluoride ions.

Such interesting phenomenon might associate with the positive-charged quaternary ammonium groups binding to the surface of polystyrene matrix which could lead to sorption permeation enhancement and preconcentration towards **F**^−^ retention. such structure functional design was derived from the principle of "Donnan membrane effects". Afterward, the pseudo-first-order and pseudo-second-order kinetic models were employed to describe the sorption process as follows:

The pseudo-first-order model: The pseudo-second-order model: Where q~e~ and q~t~ present the sorption capacities in equilibrium and time t respectively, and k~1~ and k~2~ are the sorption kinetic constants. Relative kinetic data have been shown in [Table S1](#s1){ref-type="supplementary-material"}. Obviously, the sorption onto ZrP-MPN could be well described by the pseudo-first-order model as compared to the pseudo-second-order one([Figure S2](#s1){ref-type="supplementary-material"}), due to the high correlation coefficient (\>0.990), and the calculated qe value (6.60 mg/g) was also close to the experimental data (6.65 mg/g).

Fixed-bed column tests for engineering nanocomposites
-----------------------------------------------------

[Figure 7](#f7){ref-type="fig"} illustrates an effluent history of high-speed column system packed with ZrP-MPN for a feeding stimulated drinking solution containing fluoride ions and the water composition data were detected and obtained from Dujiazhuang village, Ping Yao, Shanxi Province. The host material MPN was also introduced for comparison. As depicted in [Figure 6](#f6){ref-type="fig"}, it could be seen that the fluoride uptake broke through quickly onto MPN, because of its poor sorption selectivity and serious competition effects of common coexist anions with the effective treatment volume about 25 bed volumes before significant leakage. By contrast, ZrP-MPN displayed more efficient sorption performances with treatment time 19 hours and 380 BV purified waters and the corresponding working sorption capacities approach to around 1.6 mg/g (maximum: 6.6 mg/g). Moreover, the efficient adsorption of fluoride also lead to the low effluent contents (\<0.1 mg/L.), which was even an order of magnitude lower than the drinking water standards recommended by WHO[@b47]. Such satisfactory removal performances further demonstrated the favorable sorption and specific affinities towards fluoride ions sequestration by the resulting nanomaterials.

Regeneration of exhausted ZrP-MPN beads could be achieved in a column system by using binary mixtures (5%NaOH + 5%NaCl), and the results ([Figure 7](#f7){ref-type="fig"}) suggested that the used nanomaterials could be effectively extracted in 5 bed volumes with the desorption efficiency higher than 99%. Note that after regeneration, the packed ZrP-MPN column was subjected to rinsing with waters and 3% NaCl solution till pH \< 7 to ensure the same solution chemistry in the next sorption cycles.

Discussion
==========

In present study, a novel hybrid nanomaterial was fabricated by encapsulating nanosized ZrP onto the polymeric porous matrix modified with quaternary ammonium groups. In the competing tests ([Figure 4](#f4){ref-type="fig"}) section, the presence of quaternary ammonium groups seems to be powerless, because of the nonspecific electrostatic interaction. In fact, the design of surface groups mediation was important and a must and the positive-charged groups (-CH~2~N^+^(CH~3~)~3~Cl) exhibit enhanced sorption diffusion and enrichment towards **F**^−^ ions, prior to the retention of nanosized ZrP particles. Such an excellent phenomenon is the so-called "Donnan membrane effect" which always leads to the large sorption capacities and low effluent contents towards target pollutants.

Specifically, the detailed schematic diagram for mechanism explanation was presented in [Figure 8](#f8){ref-type="fig"}. According to the Donnan principles, we assumes that the sorptive system was separated by a diffusion membrane, and the left phase was adsorbent and the right assigned to water phase. Thus, as for the common hybrid materials (carrier:GAC/zeolite/polymer), 0.01 M sodium fluoride passes through the assumed membrane and approach to equilibrium with equation as follows On the basis of the above equation, the fluoride ions in aqueous were divided equally into sorbent and water phases. In view of our present study, The positive quaternary ammonium groups within ZrP-MPN were immobilized and couldn\'t be moved through the diffusion membrane. Thus, in the left phase, the extra charges would greatly attract the target fluoride ions to the sorbent surface. In the same conditions above, nearly 100 folders enrichment achieved at equilibrium in sorbent phase and got a corresponding low contents of fluoride ions in the water phase, which was in agreement with the results of column tests ([Figure 6](#f6){ref-type="fig"}) and the detailed formula as follows: Theoretically, the [equations 3](#m3){ref-type="disp-formula"} and [4](#m4){ref-type="disp-formula"} give us an interesting guideline towards hybrid nanomaterial fabrication based on the Donnan enrichment principles. i.e. if the ZrP nanoparticles were incorporated onto the carriers containing fixed positive-charged N^+^ groups, the target fluoride ions will assemble in the sorbent regions and the removal performances will be greatly enhanced. Thus, the design of hybrid nanomaterials containing fixed-charge groups was necessary and rational.

As for the characterization of ZrP-MPN, we can see that the Zr element mainly distributed in the outer-ring areas by SEM-EDS analysis. Such phenomenon was interesting and understandable, the presences of positive charged ammonium groups will prevent the Zr(IV) salts diffusion into the center areas. Besides, the ring-like distribution of zirconium elements also suggests that the incorporation of ZrP nanoparticles was a gradual process and the pore blocking in preparation could be also an important cause of the ring-like areas formation. In the XRD spectrum, the implanted ZrP particles were mainly presented as amorphous in nature. Note that the species of amorphous pattern might exhibit more favorable fluoride sequestration than the crystals. Similar results were also observed and preliminary proved in our previous study for heavy metal removal by ZrP crystalline and the crystal lattice might be important structural barriers for pollutants diffusion and permeation.

The effects of solution pH on fluoride uptake were performed and the encapsulated ZrP nanoparticles showed excellent stability at wide pHs regions which could mainly ascribe to the unique chains structure of matrix pores. The polymeric cross-linked chains within matrix could exhibit net-like roles and its compact intersection structure could prevent the loaded ZrP nanoparticles from leaching into the surrounding solution. Besides, the well stability and negligible sorption capacities towards fluoride ions at pH \> 8 also indicate the reliable regeneration in alkaline solutions.

For the hybrid nanomaterials engineering in fixed-bed column tests, ZrP-MPN beads presented good performance with trace fluoride ion contents in effluent solution. The remarkable behaviors might be the joint actions of Donnan membrane enrichment and nano-ZrP size-dependent efficiency. The resulting low fluoride contents below 0.1 mg/L might be credited with the positive-charged groups diffusion enhancement, while the presence of nanosized ZrP particles mainly favored the large sorption capacities and performances.

In summary, nano-ZrP supported by macroporous polystyrene beads with quaternary ammonium groups modification is fabricated based on Donnan membrane principles for efficient fluoride ion removal in waters. As compared to the host materials MPN and commercial used adsorbents, ZrP-MPN exhibits more preferential adsorption towards fluoride ions in presence of common anions at high levels. Fixed-bed column tests further proved the excellent performances and low fluoride concentration in effluents, which mainly attributed to the potential Donnan membrane enrichment onto the fixed-charge groups as well as the encapsulated ZrP nanoparticles of specific interaction with fluoride ions. Furthermore, the exhausted ZrP-MPN is amenable to efficient regeneration by alkaline brine solution. All the experimental results indicated that the hybrid nanomaterial was a promising adsorbent for trace fluoride ions retention in waters.

Methods
=======

Fabrication of the hybrid nanomaterials ZrP-MPN
-----------------------------------------------

In the present study, all the chemical agents were analytic grade and used without further purification. The synthesis of polystyrene-based ZrP nanocomposites was carried out in two important steps: (1) Preparation of the host materials MPN; (2) ZrP nanoparticles encapsulation within MPN.

### Preparation of the host materials MPN

The synthesis of host material was performed by using conventional suspension polymerization. Briefly, 0.5 g of benzoyl peroxide was dissolved in a mixed solution of 82.5 g styrene and 17.5 g of divinylbenzene (content 40%), liquid paraffin was also added for pore structure. Then, the above mixture(oil phase) were dropped into 400 mL distilled water containing 0.5% polyvinyl alcohol (dispersing agent) in a three-necks flask. The mixture solution was subjected to stirring with the temperature of 45°C for 3 hours, afterward, the temperature was raised to 90°C and boiled 6 h. Meanwhile, the reaction in oil phase finished and obtained white uniform beads. Finally the beads were immersed in a soxhlet extractor for removal of extra paraffin to achieve the formation of porous structures and obtain the macroporous polystyrene beads (MP).

MP beads were used as starting materials for surface functional group modification. 40 mL of MP beads were introduced into 200 mL chloromethyl ether, and 20 g anhydrous zinc chloride was selected as catalyst. The above mixtures were stirred at 40°C for 12 h, then the beads were filtrated and washed in pure water and ethanol solutions. Thus, an intermediate product was prepared with -CH~2~Cl functionalization (MPC). To prepare the target carriers containing quaternary ammonium groups (-CH~2~N^+^(CH~3~)~3~Cl), 20 mL MPC was subjected to amination reaction by adding 200 mL of trimethylamine solution at 318 K for 24 h. Finally, the residue trimethylamine was decanted, and the solid beads were washed with 200 mL of ethanol and 1,000 mL of deionized water to get the resulting matrix of MPN.

### ZrP nanoparticles encapsulation within MPN

20.0 g host matrix MPN beads were put into 150 mL ZrOCl~2~-HCl binary solutions and the mixture was stirred in water bath system at 303 K for 7 h to ensure transport of the amount of zirconium salts onto the inner porous of MPN. In the next step, the above resulting polymeric beads were filtered and gradually added into 1000 mL 30% H~3~PO~4~ solution at room temperatures reaction for 8 h, thus, the Zr(IV) compounds were precipitated as Zr(HPO~4~)~2~ onto the inner surface of MPN. Finally, the obtained materials were subjected to washing with ultrapure water till pH = 5--6 and heat treating at 333 K for 6 h to get the hybrid nanocomposite (ZrP-MPN).

Batch sorption experiments
--------------------------

Batch sorption tests were carried out by traditional bottle-point methods, and the detailed experimental methods were developed by solution pH effects on adsorption, competing experiments and kinetics tests.

### Effects of solution pH

In the present study, 0.05 g ZrP-MPN beads were introduced into 150 mL plastic bottles containing 50 mL 10 mg/L F^−^ with different pH (1--14) solutions adjusted by HNO~3~ (1%) or NaOH (1%) throughout the experiments. The bottles were then transferred into incubator shaker at desired temperature for 24 h to ensure to reach sorption equilibrium. Finally, the solutions were subjected to filtering and the equilibrium solution pH and corresponding contents were determined.

### Competing sorption

To start the experiments, 0.1 g materials (ZrP-MPN, MPN, activated alumina, magnetite, granular ferric oxides, and manganese sands) were added into 50-ml solution containing known contents fluoride solution and the common anions SO~4~^2−^/NO~3~^−^/Cl^−^ were also introduced if necessary. The plastic flasks were then transferred into a G-25 model incubator shaker with thermostat and shaken under 200 rpm for 24 h, and then the equilibrium fluoride contents were assayed.

### Kinetic experiments

Sorption kinetics tests were performed by sampling 0.5 mL-solution at various times by using a liquid-transferring gun and the initial solution volume was 1000 mL containing a known concentration of fluoride ions and 0.5 g ZrP-MPN beads, Kinetic data were calculated by detecting the sample contents at various times.

Fixed-bed column tests
----------------------

High-speed column tests were carried out in a small plexiglass column (14 mm diameter and 150 mm length) equipped with water bath equipment and 5.0 mL of ZrP-MPN and MPN were selected as adsorbents packed in separated columns. A Lange-580 pump (China) was used to ensure a constant flow rate of feeding solution. A simulated drinking water derived from assaying data of Dujiazhuang village, Shanxi province containing a certain contents common ions (SO~4~^2−^, NO~3~^−^, Cl^−^, Na^+^, Ca^2+^, Mg^2+^, F^−^ etc.) was prepared as feeding solution for fluoride contaminated waters evaluation and an automatic fraction collector(SBA-100 Huxi) was used for collecting the effluent samples. The column experiments were performed in high-speed hydrodynamic conditions: the superficial liquid velocity (SLV) and the empty bed contact time (EBCT) were equal to 1 m/h and 3 min, respectively.

Characterization
----------------

The Concentration of fluoride in the solution, before and after adsorption, was determined using ion selective electrode (Orion 720 A^+^ Ion analyzer) and zirconium contents were assayed by inductively coupled plasma (ICP) (JA-1100, Jarrell-Ash). The images of the encapsulated ZrP particles were taken on a Hitachi S-4800 field emission scanning electron microscopy coupled with energy dispersive spectroscopy with the accelerating voltage of 5--15 kV; TEM images were recorded using high-resolution transmission electron microscopy (HRTEM, JEM2010) equipped with a Gatan CCD camera working at accelerating voltage of 200 kV. The crystal morphology of entrapped ZrP nanoparticles were characterized by X-ray diffraction (XRD) using an XTRA X-ray diffractometer (Switzerland) and Cu Kα radiation (λ = 1.5418 Å) with a scan rate of 0.02° s^−1^; AFM images were taken using tapping mode (Nanoscope III a Multimode system, Digital Instruments, Santa Barbara, CA) with silicon nitride cantilever probes. Nitrogen sorption measurements were performed at 77 K to determine the surface area and pore size distribution based on BJH model by using micrometrics ASAP 2020 (U.S.). The thermogravimetric analysis (TGA/DSC) of Perkin-Elmer was carried out to evaluate the stabilities of the samples as the function of temperature in nitrogen atmosphere under a flow of 30 mL/min and heating rate of 10°C/min.

Author Contributions
====================

Z.Q.R. and J.T. planned the project and data analysis. D.Q. and Z.Z. carried out the experimental works; S.Q., W.S. and G. F. prepared all the figures, all the authors discussed the data, interpreted the results and jointly wrote the paper.

Supplementary Material {#s1}
======================

###### Supplementary Information

additional information

We greatly acknowledge the financial support from the National Natural Science Foundation of China (grant NO.21207112, 21301151, 41271102), the Natural Science Foundation of Hebei Province (No. B2012203060, B2013203317, B2013203108), the China Postdoctoral Science Foundation (No. 2011M500540, 2012M510770, 2013T60265), the Science Foundation for the Excellent Youth Scholars from Universities and Colleges of Hebei Province (No. Y2011113), the Scientific Research Foundation for Returned Overseas Chinese Scholars of Hebei Province (No. 2011052). We also thank Dr. Xianwei Liu (Arizona State University) and Xinqing Chen (UST HK) for their insightful comments and English improvement during the preparation of the manuscript.

![The schematic structure of the hybrid nanomaterials ZrP-MPN.](srep02551-f1){#f1}

![Characterization of the nanocomposite ZrP-MPN and its host matrix MPN (a) SEM of the spherical bead Zr-MPN; (b) SEM of inner surfaces within the host material MPN; (c) SEM of inner surfaces within Zr-MPN; (d) AFM 3D analysis onto the inner surface of MPN; (e) AFM 3D analysis onto the inner surface of ZrP-MPN; (f) cross-section Zr distribution of ZrP-MPN by SEM-EDS; (g) TEM of Zr-MPS; (h) the encapsulated ZrP nanoparticle size distribution derived from [Figure 1-(e)](#f1){ref-type="fig"}; (i) XRD spectrum of ZrP-MPN. (d′) AFM line profile analysis of MPN; (e′) AFM line profile analysis of ZrP-MPN.](srep02551-f2){#f2}

![Effect of solution pH and corresponding Zr release on the uptake of fluoride ions onto ZrP-MPN.\
(conditions: 1 g/L ZrP-MPN, initial fluoride contents: 10 mg/L, 50 mL solution at 298 K).](srep02551-f3){#f3}

![Sorption mechanism towards fluoride ions of the hybrid nanomaterials ZrP-MPN.](srep02551-f4){#f4}

![Competative effect on uptake of fluoride ions onto ZrP-MPN and its host material MPN for (a--c). (a) sulfate interfere; (b) chlorine interfere; (c) nitrate interfere; (d) comparsion of sorption performances with the common used adsorbent for defluoridation (conditions: 0.1 g adsorbent, initial F^−^ = 10 mg/L, pH = 5.5-6.3; 50 mL solution at 298 K).](srep02551-f5){#f5}

![Adsorption kinetics of fluoride ions onto ZrP-MPN and MPN at 298 K. (0.50 g adsorbents and 1000 mL solution containing F^−^ = 10 mg/L in the study).](srep02551-f6){#f6}

![Comparison of breakthrough curves of fluoride uptake onto ZrP-MPN and MPN with separate fixed-bed column runs at 298 K.\
(adsorption conditions: inffluent F^−^ = 2 mg/L, SO~4~^2−^ = 20 mg/L, Cl^−^ = 100 mg/L, NO~3~^−^ = 50 mg/L, pH = 6.2--6.5, SLV = 1.0 m/h, EBCT = 3 min; desorption: 5%NaOH + 5%NaCl mixtures, 298 K, SLV = 0.05 m/h and EBCT = 60 min).](srep02551-f7){#f7}

![The design mechanism of the hybrid nanomaterial ZrP-MPN according to Donnan membrane principle in the present study.](srep02551-f8){#f8}

###### Salient properties of polymeric host materials and the hybrid materials

  Designation                     Host materials MPN     Hybrid materials ZrP-MPN
  ---------------------------- ------------------------ --------------------------
  Matrix structure                   Polystyrene               Polystyrene
  Surface groups                -CH~2~N^+^(CH~3~)~3~Cl    -CH~2~N^+^(CH~3~)~3~Cl
  Contents of groups (meq/g)             3.1                        NA
  BET surface area (m^2^/g)              17.0                      22.3
  Average pore diameter (nm)             15.2                      12.3
  Pore volume (cm^3^/g)                 0.065                     0.061
  ZrP content (mass%)                     0                       24.3%
